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Abstract: Germination inhibitors, which inhibit the germination of seeds, spores and other plant
reproductive material, are abundant in the plant kingdom and include phenols, cyanides, alkaloids,
essential oils, amino acids, etc. These inhibitors can be classified as germination destructors and
germination retarders depending on whether they harm the morphology, structure and physiology
of the seed. Germination retarders are closely related to seed dormancy, and exogenous retarders can
be used to extend the “dormancy” period of non-dormant seeds or perishable seeds by applying the
proper dosage. They have significant potential applications as preservatives for seed preservation
following harvest or for the storage of long-term germplasm resources. Germination destructors,
as a type of relatively high-efficiency, low-specificity “toxic chemicals”, are of significant benefit in
the application of effective and environmentally benign herbicides. At present, the main problems
related to the research methods of germination inhibitors include difficulty in determining the specific
endogenous substances and the minimum inhibitory concentration to induce dormancy, as well as
whether the application of exogenous inhibitors will cause physiological damage to seeds. In the
future, we should strengthen the tracking of germination inhibitors, explore the mechanisms of action
of specific substances and deeper molecular mechanisms and finally explore new developments and
new applications of different inhibitors.
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1. Introduction

Seeds are the foundation of agroforestry, the beginning of plant growth and develop-
ment, and also the key link in their life cycle [1]. Seed germination is the process by which
the metabolism of plant seeds is stimulated after hydration and the radicle breaks through
the seed covering [2,3]. During this process, there are hormones that stimulate seed germi-
nation, such as gibberellin [4,5], and there are also hormones that inhibit seed germination,
such as abscisic acid, which regulates seed dormancy [6–8]. In addition, certain chemicals
present in different parts of the fruit and seed, including the fleshy and non-fleshy pericarp,
endosperm, coat and seed embryo, also inhibit seed germination [9]. The presence of germi-
nation inhibitors is one of the main causes of seed dormancy, especially in physiologically
dormant (PD) seeds [10,11].

Plant-produced germination inhibitors are closely associated with dormancy [12].
Thus, comprehensive research on germination inhibitors is crucial for crop production
techniques, the conservation of germplasm resources and the protection and restoration
of endangered populations. At present, although the existence of some germination
inhibitors is known, their systematic and in-depth study is still in its early stages. This paper
proposes a classification for germination inhibitors based on current research progress and
summarizes related research problems from the qualitative, quantitative and experimental
method aspects of germination inhibitors in order to serve as references for related research
in the field of seed science.
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2. Definition of Germination Inhibitors

Germination inhibitors are substances found in plants that can delay seeds germinat-
ing. Evenari [13] claimed that it is not possible to determine whether these substances only
hinder growth without harming plants, so germination inhibitors are generally referred
to as any substance that can inhibit seed germination. These germination inhibitors are
not only found in angiosperms; butylated hydroxytoluene (BHT) may be present in the
endosperm and embryo of Pistacia chinensis seeds [14], which can inhibit seed germination
and cotyledon elongation. At the same time, it is also abundant in gymnosperm seeds,
cryptophores and other reproductive material; for example, fenugreek spores do not ger-
minate in its spore pool [13,15]. Bingöl et al. [16] found that the ethanol extract of gyelnik
(Xanthoparmelia somloensis) had inhibitory effects on tomato seed germination. With the
in-depth study of germination inhibitors, it has gradually been found that some non-plant
substances also inhibit seed germination. For example, trimethylbutenolide (TMB), which
is a smoke-derived trimethylbutenolactone [17], can significantly inhibit the germination
of five weed seeds, including fleabane, hairy wild lettuce, bugweed, spilanthes and fame-
flower [18]. The large-scale synthesis and production of TMB has been achieved [19],
extending the traditional range of seed germination inhibitors.

3. Classification of Germination Inhibitors
3.1. Classification by Function

Kockemann [20] believed that germination inhibitors could be divided into two types,
one being substances found in seeds which easily fail under the action of light and other
physical and chemical factors, and the other being substances found in the flesh of the
fruit whose physical and chemical properties are not well understood. As the scope of
research on germination inhibitors continues to expand, so does the number of chemicals,
including but not limited to hydrogen cyanide, ammonia, ethylene, mustard oil, organic
acids, unsaturated lactones, aldehydes, aromatic oils and alkaloids. Germination inhibitors
can be divided into endogenous and exogenous inhibitors according to their mode of
production and location. Evenari [13] believed that endogenous germination inhibitors
are produced and used by the plants themselves, while those produced by other plants or
seeds are exogenous. However, with the expansion of traditional methods of obtaining
inhibitors and the development of synthetic chemistry, the scope of exogenous inhibitors
was also expanded to include all inhibitors not produced by the plant itself.

Germination inhibitors can be divided into two categories according to whether they
cause irreversible damage to seed germination: (1) Germination retarders, which can delay
the germination of seeds, but the seeds can recover the ability to germinate under certain
conditions; and (2) germination destructors, which damage the physiological activity of
seeds and cause them to gradually lose their ability to germinate.

Most germination retarders are natural compounds produced by dormant seeds under
natural conditions, such as ABA and 1,2,3-benzenetriol, which are produced in Cercis
chinensis seeds and can regulate their dormancy [21]. After soaking in warm water, ap-
plying gibberellin or low-temperature stratification, the germination inhibitor content of
these seeds was reduced or weakened and the normal germination ability could be re-
stored [22,23]. For example, coumarin reduces reactive oxygen species (ROS) accumulation
by specifically enhancing SOD and POD enzyme activities while promoting ABA synthesis
to inhibit the germination of Brassica parachinensis and Oryza sativa, etc., but this germina-
tion inhibition can be recovered by adding exogenous GA4 and GA4+7 [24,25]. Germination
retarders are closely related to seed dormancy, and exogenous retarders can be used to
prolong the “dormancy” time of non-dormant seeds or perishable seeds. It has important
application prospects as a preservative for seed preservation after harvest or long-term
storage of germplasm resources.

Germination destructors are mostly harmful substances that can injure seeds. For
instance, after treating mustard seed with sunflower leaf extract, the seed’s H2O2 level
significantly increased, ROS accumulation increased, and the cell membrane was damaged,
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ultimately leading to the seed’s death [26]. Unselective and selective germination destruc-
tors are additional classifications for germination destructors. Unselective germination
destructors that are hazardous to seeds in all situations, such as a poisonous chemical; by
inducing the production of a large number of ROS, these substances destroy the structure
of cell membranes, leading to oxidative stress [27], damage macromolecules including
lipids, proteins and DNA [28], and ultimately cause irreparable damage to seeds and plant
morphogenesis. Selective germination destructors (Table 1) obstruct the growth and devel-
opment of particular plant seeds, such as secondary metabolites produced by allelopathy,
that may influence the seed activity of other plants. Lawrence et al. [29] demonstrated
that leaf and stem extracts of Ailanthus inhibited seed germination and seedling growth in
eight native North American plants, but had no self-toxic effects. Bauer et al. [30] found
that Lonicera maackii leaf extract inhibited the germination of seeds of the herbs Bredia
hirsuta, Arabidopsis thaliana, Alliaria petiolata and Impatiens capensis without harming its own
seeds. Selective germination destructors may also have no germination inhibition effect on
the seed germination of other plants. Water extracts from Solidago canadensis roots could
damage the structure and function of Kummerowia striata seeds, but had no significant effect
on seed germination of Lactuca sativa and Raphanus sativus [31,32]. Efficient germination
destructors have little impact on the ecological environment due to their specific inhibitory
effect and the degradability of most substances, which are of great significance in the
application of new environmental protection and efficient herbicides. For example, natu-
ral secondary metabolites strigolactones (SLs) inhibited the seed germination of obligate
hemiparasitic weed Striga hermonthica without any effect on the host plant [33]. However,
not all allelopathic compounds inhibit the growth and development of other seeds, and
other allelopathic substances just delay the germination process of seeds [34]; the effect
of such allelopathic substances is similar to that of germination retarders (Figure 1). The
extract from the leaves of Rhododendron maximum, Kalmia latifolia and Lonicera maackii had no
significant effect on the final germination rate of Festuca arundinacea seeds, but the time to
reach the maximum seed germination rate was delayed by up to 4 days, which significantly
delayed the seed germination process [35,36].

Table 1. Classification of germination inhibitors by function.

Classification Subdivision Definition

Germination retarder
Endogenous germination retarder Plant-produced substances that inhibit seed germination
Exogenous germination retarder Non-plant substances that inhibit seed germination

Germination
destructor

Selective germination destructor
Substances that inflict physiological harm on the seeds of

one or more plants
Unselective germination destructor Substances that cause general seed damage
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3.2. Classification by Chemical Structure

Germination inhibitors can be divided into the following types according to their
chemical structure (Table 2).

Table 2. Classification of germination inhibitors by chemical structure.

Name of Germination

Inhibitors

Locations of

Existence
Form of Existence Particular Plants Inhibitory Effects

Phenols

Caffeic acid

Seeds, fruits,

and other plant

tissues

Either in a free state

or conjugated with

sugars as glucosides

and esters

Cucumis melo [37] retarder
Caffeic acid delayed germination rather than

destroying it.

Asparagus [38] destructor
Caffeic Acid Identified as an inhibitory compound

in Asparagus root filtrate.

Chlorogenic acid
Sida spinosa,

Sorghum bicolor [37]
destructor

It slightly reduced germination of Sida spinosa and

Sorghum bicolor seeds.

Coumarin

Amaranthus retroflexus,

Sida spinosa [37]
retarder

Germination was delayed rather than destructed

by chlorogenic acid.

Arabidopsis thaliana [39] destructor
It reduces germination of Arabidopsis thaliana seeds

and led to reduced primary radicle elongation.

Oryza sativa [24] retarder

Coumarin induced delay of Oryza sativa seed

germination is mediated by suppression of ABA

catabolism and reduced production of ROS.

Brassica parachinensis [25] retarder

It delayed germination of Brassica parachinensis

seeds by decreased GA4 production and a

consequent reduction of ROS accumulation.

p-Coumarie acid Zea mays [37] destructor
It significantly decreased the germination of Zea

mays seeds.

Ferulic acid Gossypiumhirsutum [37] destructor
It significantly decreased the germination of

Gossypium hirsutum seeds.

Fumaric acid Sida spinosa [37] destructor
It reduced the germination rate of Sida spinosa

seedlings slightly.

Gallic acid Cucumis sativus [40] destructor

It greatly reduced germination rate, radicle and

hypocotyl growth, and seedling fresh and

dry weight.

Hydrocinnamic

acid
Amaranthus retroflexus [37] retarder It delayed germination rather than destroying it.

Pyrocatechol Amaranthus retroflexus [37] retarder It delayed germination rather than destroying it.

p-

Hydroxybenzoic

acid

Chenopodium album, Plantago

lanceolata, Amaranthus

retroflexus, Solanum nigrum,

Cirsium,

Rumex crispus [41]

retarder

A significant concentration of p-hydroxybenzoic

acid inhibited the germination of all of

these weeds.

Juglone
Zea mays [37] retarder It delayed germination rather than destroying it.

Abutilon theophrasti,

Sida spinosa,

Amaranthus retroflexus [37]

destructor Seed growth is destroyed by juglone.

Flavonoids

Flavonols

Seeds

Low molecular weight

polyphenolic

secondary metabolic

compounds

Zea mays [42] retarder It takes part in seeds maturation and dormancy.

Proanthocyanidins Arabidopsis thaliana [43] retarder
It contributes to the maintenance of seed

dormancy by promotion of ABA.

Dihydroflavonoids
Brassica campestrisand

Echinochloa crusgalli [44]
destructor It inhibits embryo growth.

Aldehydes

Crotonaldehyde

Stem and root
Natural metabolic

secretions of plants

Amaranthus tricolor [45] destructor
The substance inhibits the growth of the germ

and radicle

(E)-2-hexenal Trifolium alexandrinum [46] destructor It inhibits germination and seedling development

3-methylbutanal Trifolium alexandrinum [46] destructor It inhibits germination and seedling development

Benzaldehyde Brassicaceae [47] destructor It inhibits seed germination.

Mustard oil
Mustard oil

glycosides

Seeds, and

other plant

tissues

Phytochemical of

plants
Triticumturgidumvar. durum [48] destructor

It completely inhibited Triticum turgidum var.

durum seeds germination at 500 ppm.

Aromatic

oils

Carum carvi

Most of plant

tissues

Natural metabolic

secretions of plants

Amaranthus retroflexus,

Centaurea salsotitialis and

Raphanus raphanistrum [49]
destructor

Even at low concentrations, thymol, carvacrol, and

carvone showed significant inhibition of

these seeds.

Mentha spicata

Origanum onites

Thymbra spicata
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Table 2. Cont.

Name of Germination

Inhibitors

Locations of

Existence
Form of Existence Particular Plants Inhibitory Effects

Alkaloid
Quinolizidine

alkaloids
Seeds

Present as ester

alkaloids
Lactuca sativa [50] destructor

The alkaloid esters resulted in the strongest

inhibition: 6 mM 13-tigloyloxylupanine inhibited

germination by 100%.

Amide

Feruloylputrescine
Seeds and

leaves

Natural secondary

metabolites
Beta vulgaris [51] retarder It hinders germination of seeds.Feruloylserotonin

N-trans-

Feruloyltyramine

Notes: Different colors represent different plant secondary metabolites, including Phenols, Flavonoids, Aldehydes,
Mustard oil, Aromatic oils, Alkaloid and Amide.

3.2.1. Phenols

Phenolic compounds are secondary metabolites that are ubiquitous in plant tissues [52]
and are one of the most common allelopathic substances in plants [53]. Li et al. [54] found
that phenolic compounds (cinnamic acid) and their related phenolic derivatives (trans-
cinnamic acid, coumarin, chlorogenic acid and ferulic acid) had a significant inhibitory
effect on the germination of lettuce seeds. Williams and Hoagland [37] found that phenolic
compounds (caffeic acid, chlorogenic acid, coumarin, p-coumarin, ferulic acid, fumaric
acid, gallic acid, hydrocinnamic acid, p-hydroxybenzoic acid, juglone and catechol) had a
significant inhibitory effect on the germination of lettuce seeds, walnut and catechol) had
inhibitory effects on the germination of crop (cotton, melon, maize and sorghum) and weed
(hemp sesbania, sicklepod, velvetleaf, prickly sida and redroot pigweed) seeds. Lignans are
a polyphenolic compound found in some plants; Cutillo [55] found that lignans identified
from toxic extracts of Brassica had a significant inhibitory effect on the germination of
lettuce seeds, and still had inhibitory activity at extremely low concentrations (1 nmol/L).
Ng et al. [56] found that cinnamic acid and benzoic acid, together with some derivatives,
had an inhibitory effect on the germination of Brassica napus seeds. Radwan et al. [57] found
that phenolic compounds and flavonoids significantly reduced the germination rate, radicle
length and germ length of wheat seeds. Chiji et al. [51] found that two phenolamides
isolated from beet seed bulbs had a significant inhibitory effect on lettuce seed germination.
It should also be noted that most phenolic substances have a combined inhibitory effect,
and the degree of inhibition of seed germination is greater when used in combination
than when used alone [37]. Einhellig and Rasmussen [58] found that vanillic acid and
parahydroxybenzoic acid have inhibitory effects on radish and sorghum seed germination,
that the two can inhibit synergistically and that they are more effective than when used
alone. It has also been found that the combination of phenolic compounds and ABA also
has a stronger inhibitory effect on seedling growth than monophenolic compounds or ABA
alone [54], and that this effect is related to the concentration of phenolic substances [41]. The
inhibitory mechanisms of different phenolic compounds on seed germination are different.
Tannic acid, coumaric acid and vanillic acid affected the growth of mung bean hypocotyl
and inhibited mitochondrial metabolic activities. Vanillic acid only inhibits mitochondrial
Ca2+ transport and does not affect respiration or oxidative phosphorylation [59].

3.2.2. Alkaloids

Alkaloids are a class of structurally diverse secondary compounds widely distributed
in plants [60]. Scopolamine and hyoscyamine in alkaloids largely inhibited the germination
and early growth of flax and sunflower seeds [61,62]. Wink [50] found that quinicidine
alkaloids inhibited the germination of lettuce (Lactuca sativa) seeds, and lupin alkaloids at a
concentration of 6 mM inhibited lettuce seed germination by 100%. Aerts et al. [63] found
that quinoline alkaloids at a concentration of 0.3 mM had a significant inhibitory effect on
seed germination of Ocimum, Spermacoce, Catharanthus and Cinchona.
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3.2.3. Essential Oils

Essential oils are products of plant metabolism, of which terpenoids, especially
monoterpenes and sesquiterpenes, are the major constituents of essential oils and can
inhibit plant growth activity [64]. Singh et al. [65] found that volatile oils in eucalyptus
had a complete inhibitory effect on the seed germination of Parthenium hysterophorus. The
inhibition of plant seed germination by essential oils is universal; Ramezani et al. [66]
extracted essential oils from Eucalyptus nicholii, Eucalyptus nicholii, Chamaecyparis lowsoniana
and Chamaecyparis lowsoniana, which showed significant inhibition on the germination of
weed seeds. Benvenuti et al. [67] extracted essential oils from 20 species of Asteraceae which
showed certain inhibition on the germination of Amaranthus retroflexus seeds.

3.2.4. Other Types

High concentrations of ‘unusual’ amino acids are found in some seeds, such as Fabaceae
seeds. S-Hydroxy-L-tryptophan makes up 14% of the seed weight of Griffonia simplicifo-
lia [68] and canucine (a non-protein amino acid) makes up 7–10% of the seed weight of
Dioclea megacarpa [69], L3,4-dihydroxyphenylalanine makes up more than 8% of the seed
weight of Mucuna mutisiana [70]; these amino acids may have some inhibitory effect on seed
germination. Elmore [71] found that alkaline components (amino acids) extracted from
velvetleaf seeds inhibited radicle growth in 18% of beet seeds after 48 h. A study by Wilson
and Bell [72] found that non-protein amino acids were more effective than protein amino
acids in inhibiting lettuce seed germination and seedling growth, with the exception of
lysine. Vurro et al. [73] found that a 2 mM concentration of methionine almost completely
inhibited the germination of Orobanche ramosa seeds.

Niacinamide is a precursor of vitamin B3 and has a variety of biological effects. In
plants, nicotinamide has been shown to reduce H2O2-induced cell death [74] and inhibit
ABA-induced stomatal closure [75], but the opposite effect was found in seeds. Zheng
et al. [76] found that the application of nicotinamide inhibited the growth of mung bean
embryo growth, and Hunt et al. [77] found that nicotinamide inhibited Arabidopsis seed
germination and that nicotinamide metabolism is required to break seed dormancy. In
addition, some compounds have also been found to inhibit germination; Oster et al. [78]
found that lactone compounds extracted from Sorbus pohuashanensis fruits and seeds at
concentrations ≥5 × 10−4 mnL inhibited the germination of Amaranthus caudatus and
Lepidium sativum seeds. Levi-Minzi et al. [79] found that butyric acid in fatty acids has a
significant inhibitory effect on wheat seed germination, and the inhibitory effect increases
with increasing butyric acid concentration. Uygur [80] found that mustard oil inhibited the
germination of Centaurea solstitialis seeds.

4. The Core Problem of Germination Inhibitors Research
4.1. Determination of Dormant Seed Germination Inhibitors

Germination inhibitors are present in all parts of the plant: pulp, peel, endosperm, seed
coat, embryo, leaf, bulb and root [13]. Germination inhibitors can inhibit seed germination
in one or more plants; however, it is difficult to determine the specific type of germination
inhibitor from dormant seeds, and most studies have only been able to determine the
presence of germination inhibitors in dormant seeds. Bian et al. [81] found that Taxus
yunnanensis seed extract contained germination inhibitors and had a significant inhibitory
effect on Brassia campestris seeds, but the specific endogenous substances were difficult to
determine. At the same time, the specific substances that inhibit germination cannot be
determined only by the changes in the content of endogenous substances during the process
of seed dormancy removal. Some germination-inhibiting substances have a small and rapid
effect, and there are also some relatively large and rapidly changing substances that cannot
regulate germination. Complex physiological and biochemical processes are involved in
the process of seed dormancy release; once the key factors for dormancy release have been
identified, the external conditions such as temperature, water and oxygen required for seed
germination must be met [2]. At this point, changes in water uptake rates, reactivation of



Horticulturae 2023, 9, 462 7 of 12

metabolic reactions, transformation of storage materials and seedling development and
growth occur, involving a large number of substance metabolisms and transformations [82].
In addition, indirect metabolic changes can also block seed germination; for example, the
application of paclobutrazole can inhibit seed germination by inhibiting gibberellin synthe-
sis [83]. Seeds are sensitive to environmental changes and can regulate their dormancy in
response to a number of environmental factors [84], making it difficult to determine which
substance is directly or indirectly causing the disruption or delay in germination pathways
in the current study.

In related studies, after determining the existence of germination inhibitors in the
seeds of a given plant, the system solvent method was used to extract the contents of the
all or part of the seed tissues (such as endosperm, seed coat, etc.), and then petroleum
ether phase, diethyl ether phase, methanol phase and aqueous phase were separated
(Figure 2) [85], followed by the analysis of the main components of each phase by gas
chromatography–mass spectrometry (GC-MS) and high-performance liquid chromatog-
raphy (HPLC), the germination inhibitors were inferred according to the changes in the
content of each component. However, this method also has major limitations and can only
be used for speculation. The release of physiological dormancy in seeds undergoes complex
physiological and biochemical changes, which is a systematic process accompanied by
the metabolism and transformation of various substances [86]. Therefore, it is difficult to
identify germination inhibitors based solely on the reduction in substance content. On the
other hand, dormant seeds can germinate after the removal of peel or seed coat tissues, and
the presence of endogenous inhibitors in the removed tissues does not necessarily mean
that seed dormancy is caused by chemical inhibitors in the peel or seed coat [87]. Many
seeds and fruits containing endogenous inhibitors may not be dormant [9].
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4.2. Concentration of Germination Inhibitors

The problem of concentration is an unavoidable key issue in the study of chemistry
and biology, and the application of certain substances at different concentrations has a major
impact on the results of research. For example, cyanide has a bidirectional effect on seed
germination. It can enhance seed germination in some plants [88], treatment of dormant
apple seeds with HCN can improve their germination [89] and cyanide also enhances the
germination of dormant rice and barley seeds [90]; this enhancement may be due to the
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ROS compounds produced [91]. However, the inhibitory effect of cyanide is mainly related
to its compound concentration, mainly showing a low promoting and high suppressing
effect [92]; high concentrations of cyanide will inhibit seed germination [93]. When studying
the concentration of germination inhibitors, the most important core element is to find
the lowest endogenous inhibitor concentration that causes seed dormancy. Ultraviolet
spectrophotometry can be used for the quantitative determination of organic compounds
such as phenols [87,94]. Different seeds have different concentration requirements for
dormancy caused by germination inhibitors, which requires the detection of the minimum
concentration threshold of different inhibitors that cause dormancy in different seeds. From
a practical point of view, the most valuable germination inhibitors are those that do not
damage the seed but can prevent or delay germination. Quantity is the key problem that
cannot be avoided in the production and use of germination inhibitors.

4.3. Examination of Germination Inhibitors

The presence of germination inhibitors can be verified by diluting the extracted in-
hibitors and applying them to non-dormant seeds such as cabbage, wheat and mung
bean [95,96]. Cutillo et al. [55] found that Brassica fruticulosa methanol aqueous extract
(10 mg/L) had a germination inhibition rate of 50% on Lactuca sativa seeds, which is a
common method of verifying the presence of germination inhibitors in dormant seeds.
However, this method has certain disadvantages: the first is the relationship between the
concentration of diluted inhibitors and non-dormant seed germination; during the dor-
mancy process, the seed itself is equivalent to an “environmental sensor”, which will adjust
its dormant state according to a number of environmental factors [84], so even non-toxic
substances at high concentrations can cause seeds not to germinate, and determining the
minimum concentration to cause dormancy cannot be verified. In addition, whether the
application of dormant seed extracts to non-dormant seeds will cause irreversible physio-
logical damage requires the germination test of ungerminated seeds to be regerminated
after removal of the inhibitors to assess the damage of the germination inhibitor. These is-
sues are often overlooked in existing studies, leading to erroneous or unreliable conclusions,
such as the use of cabbage seeds as biological materials to test seed dormancy, as in Daphne
giraldii [97] and Quercus et al. [98], which did not validate the minimum concentration
of germination inhibitor in seeds that was harmful or detrimental to the germination of
cabbage seeds. The harmlessness of endogenous inhibitors should be an important criterion
for such tests.

5. Research Prospects of Germination Inhibitors
5.1. Determine the Relationship between Germination Inhibitors and Inhibition of Germination

At present, most of the research on germination inhibitors is still focused on the last
century, and a specific theoretical system and research methods have not yet been formed;
some studies show difficulty in determining types of germination inhibitors after confirm-
ing the existence of germination inhibitors and their inhibitory effects. Some germination
inhibitors are specific; there may be different inhibition effects on the germination of differ-
ent seeds, or even no inhibition phenomenon. For different types of dormant seeds, the
general inhibition of one or more well-defined germination inhibitors needs to be verified.

5.2. Tests and Examination of Germination Inhibitors

Having identified the specific germination inhibitors, it is necessary to carry out more
in-depth research into the characteristics and targets of germination inhibitors to further
determine the inhibition concentration and whether exogenous substances will cause
physiological damage to seeds, ultimately achieving the important purpose of controlling
seed dormancy and germination.
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5.3. Study on the Mechanism of Action of Germination Inhibitors

Currently, different omics methods (e.g., proteomics) have been used to study various
seed germination inhibitors, such as jasmonic acid (JA), methyl jasmonate (MeJA) or 12-
oxophytodienoic acid (OPDA), which promote the interaction between COI1 and JAZ1
proteins, resulting in the ubiquitin-dependent degradation of JAZ1, thereby inhibiting
the transcription of JA response genes [99] and ultimately inhibiting seed germination in
plants such as Solanum lycopersicum, Brassica napus and Linum usitatissimum [100,101]. In
addition, the mechanism of ABA inhibition of germination has been further elaborated
using different methods [102]; while the mechanism of action of most germination inhibitors
is still unclear, the main mechanisms include the inhibition of the electron transport system,
the inhibition of seed swelling, the inhibition of translation and transcription, etc. [103].
Different germination inhibitors have different mechanisms of action, and omics methods
are still needed to explore the specific inhibitory mechanisms of different substances and
the deeper molecular regulatory mechanisms.
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